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Two novel Gram-stain-negative strains (CCBAU 03422 T and CCBAU 03415) isolated from root nodules of Sophora flavescens were classified phylogenetically into the genus Phyllobacterium based on the comparative analysis of 16S rRNA and atpD genes. They showed 99.8 % rRNA gene sequence similarities to Phyllobacterium brassicacearum LMG 22836 T , and strain CCBAU 03422 T showed 91.2 and 88.6 % atpD gene sequence similarities to strains Phyllobacterium endophyticum LMG 26470 T and Phyllobacterium brassicacearum LMG 22836 T , respectively. Strain CCBAU 03422
T contained Q-10 as its major quinone and showed a cellular fatty acid profile, carbon source utilization and other phenotypic characteristics differing from type strains of related species. DNA-DNA relatedness (lower than 48.8 %) further confirmed the differences between the novel strains and the type strains of related species. Strain CCBAU 03422 T could nodulate and fix nitrogen effectively on its original host plant, Sophora flavescens. Based upon the results mentioned above, a novel species named Phyllobacterium sophorae is proposed and the type strain is CCBAU 03422 T (5A-6-3
The genus Phyllobacterium was originally proposed by Knösel (1962) for bacteria isolated from leaf nodules of tropical ornamental plants and revised subsequently by Mergaert et al. (2002) and Mantelin et al. (2006) . To date, the genus Phyllobacterium contains nine species including the recently described Phyllobacterium loti (Sánchez et al., 2014; Table 1 ). Of these species, five were isolated from root nodules of legumes, including Phyllobacterium trifolii from Trifolium and Lupinus (Valverde et al., 2005) , Phyllobacterium leguminum from Argyrolobium uniflorum and Astragalus algerianus (Mantelin et al., 2006) , Phyllobacterium loti from Lotus corniculatus (Sánchez et al., 2014) , Phyllobacterium endophyticum from Phaseolus vulgaris (Flores-Félix et al., 2013) and Phyllobacterium ifriqiyense from Astragalus algerianus and Lathyrus numidicus (Mantelin et al., 2006) . The other four species were Phyllobacterium catacumbae isolated from Roman catacombs (Jurado et al., 2005) , Phyllobacterium brassicacearum and Phyllobacterium bourgognense isolated from rhizoplane of Brassica napus (Mantelin et al., 2006) , and Phyllobacterium myrsinacearum (subjective synonym of Phyllobacterium rubiacearum) isolated form leaf nodules of Ardisia (Mergaert et al., 2002 ; Table 1 ). It is obvious that root nodules are the preferred habitats for species of the genus Phyllobacterium more so than leaf nodules (Mergaert & Swings, 2001 ).
In studies on genetic diversity of nodule bacteria from Sophora flavescens, a legume traditionally used as herbal medicine in China, two strains (CCBAU 03422 T and CCBAU 03415) were found to be distinct from the rhizobial species in the genera Mesorhizobium, Ensifer and Rhizobium based on the sequence analysis of the recA (recombinase A) gene (data not published). Further confirmation was carried out by performing atpD (ATPase synthase b-subunit) gene comparisons and the result showed that these two strains represented a novel group in the genus Phyllobacterium with similarities lower than 91.2 % with the defined species. According to the genetic distance and species delimitation based upon the atpD gene among the known species of the genus Phyllobacterium, these two strains were speculated as representatives of a novel species. In the present study, polyphasic taxonomic methods were used to characterize these two strains, in comparison with type strains of closely related species of the genus Phyllobacterium. Based upon the results, a novel species is proposed.
Strains CCBAU 03422
T and CCBAU 03415 were isolated from root nodules of S. flavescens grown in Changzhi County (GPS position; 36 u 549 36 N 112 u 039 36 E; altitude 993 m), Shanxi Province of China using the standard isolation method (Li et al., 2012) with the replacement of 2.5 % (w/v) sodium hypochlorite for 0.2 % mercuric chloride and surface-sterilization lasting for 8 min. Observation of the colonies and microscopic examination of the cells were carried out according to the methods of Mantelin et al. (2006) . Strains were maintained on yeast extract-mannitol (YM) agar (Vincent, 1970) at room temperature for short-term storage (less than one month) or in YM broth supplemented with 20 % (v/v) glycerol at 280 uC for long-term storage.
Total genomic DNA for amplification of specific genes was extracted from strains using the GUTC methods (Terefework et al., 2001) . Amplification and sequencing of the 16S rRNA, atpD, nodC (N-acetylglucosaminyltransferase) and nifH (nitrogenase reductase) genes for the two strains (CCBAU 03422 T and CCBAU 03415) were carried out according to Rivas et al. (2007) , Gaunt et al. (2001) and Laguerre et al. (2001) , respectively. The sequences obtained and related sequences were retrieved from the GenBank database using the BLASTN search program (Altschul et al., 1990) and were aligned using CLUSTAL_X software (Thompson et al., 1997) . Phylogenetic trees were reconstructed separately for the 16S rRNA, atpD, nodC and nifH genes according to the maximum-likelihood (ML) method (Rogers & Swofford, 1998) integrated in MEGA 5.05 software (Tamura et al., 2011) . The stability of the groupings was estimated by bootstrap analysis with 1000 pseudoreplications.
The 16S rRNA gene sequences of strains CCBAU 03422 T and CCBAU 03415 were identical and they showed 99.8 to 97.2 % similarities with those of the type strains of the defined species of the genus Phyllobacterium (Table 1 ). The ML phylogenetic tree based on 16S rRNA gene sequences placed the two strains in the class Alphaproteobacteria and grouped them with Phyllobacterium brassicacearum and Phyllobacterium endophyticum in a clade with more than 85 % bootstrap support (Fig. 1) . To further clarify their taxonomic identity, the two novel strains and the most similar type strains, Phyllobacterium brassicacearum LMG 22836 T (99.8 % 16S ) with the defined species of the genus Phyllobacterium. These values were lower than that between the two novel strains. Based on the description of species of the genus Phyllobacterium, our data suggested the two novel strains described herein represented a distinct genomic species of the genus Phyllobacterium (Sánchez et al., 2014).
Fragments of the symbiotic genes nodC and nifH could only be amplified from the genomic DNA of CCBAU 03422 T and not from the genomic DNA of CCBAU 03415. Phylogenetic analysis of the nodC gene (Fig. S1A , available in the online Supplementary Material) showed that the closest strains to CCBAU 03422 T were Mesorhizobium amorphae CCBAU 01583 (98.8 %) and Mesorhizobium septentrionale SDW 014 T (98.1 %), isolated from root nodules of Caragana intermedia (Li et al., 2012) and Astragalus adsurgens (Gao et al., 2004) , respectively. However, the phylogenetic analysis of nifH gene showed that strain CCBAU 03422
T clustered with M. amorphae CCBAU 03074 (99.1 %), a strain isolated from root nodules of Astragalus scaberrimus (Zhao et al., 2008; Fig. S1B) . The different phylogenetic positions based on nodC and nifH of strain CCBAU 03422 T meant that these two symbiotic genes in this strain may have different evolution histories.
Taking into account the high similarities of symbiotic genes with strains isolated from nodules of C. intermedia and species of the genus Astragalus, we suspected that strain CCBAU 03422
T may also nodulate these legumes. Nodulation tests of CCBAU 03422 T on C. intermedia, Astragalus adsurgens and the original host plant S. flavescens Phyllobacterium sophorae sp. nov.
were performed as described by Martinez-Romero & Rosenblueth (1990) . As expected, strain CCBAU 03422 T was able to induce nitrogen-fixing nodules on S. flavescens with dark green leaves (Fig. S2) . The non-inoculated plant (control) had yellow leaves and no nodule was found on roots (Fig. S2 ). Strain CCBAU 03422 T could not nodulate with C. intermedia or Astragalus adsurgens. Strain CCBAU 03415 could not nodulate any of the test plants, even its host plant.
DDH was carried out as described by Ezaki et al. (1989) and Willems et al. (2001) . Each DDH value listed in Table 1 T and Phyllobacterium trifolii LMG 22712 T was 48.8, 35.6, 13.4, 12.7 and 13.4 %, respectively (Table 1) , which was lower than the threshold of 70 % for the definition of bacterial species (Moore et al., 1987) and evidenced the distinct species position of the two novel strains.
Total DNA extracted from CCBAU 03422 T according to the method of Chun & Goodfellow (1995) was used for analysis of DNA base composition by the thermal denaturation method (Mandel & Marmur, 1968) . The genomic DNA G+C content was 54.1 mol% (T m ), which is within the range reported for species of the genus Phyllobacterium Isolation, purification and identification of the respiratory quinone from the representative strain was performed according to the procedure described by Lee et al. (2001) . Strain CCBAU 03422
T contained Q-10 as the major quinone (79.3 %); this is in agreement with findings for Phyllobacterium endophyticum LMG 26470 T (Flores-Félix et al., 2013) and other members of the order Rhizobiales (Jordan, 1984) .
After being cultured in YM broth for 48-72 h at 28 u C, cells were collected by centrifugation and the cellular fatty acids were extracted and analysed using the Microbial Identification System (MIDI) Sherlock 6.1 and the library RTSBA6 according to the technical instructions of Sasser (1990) . The fatty acid profiles obtained are shown in Table  2 . The major fatty acids (.10 %) present in strain CCBAU 03422 T were C 16 : 0 (23.1 %), C 19 : 0 cyclo v8c (22.4 %) and summed feature 8 (C 18 : 1 v6c/C 18 : 1 v7c; 22.3 %) (Table 2) , consistent with the compositions reported previously for species of the genus Phyllobacterium (Flores-Félix et al., 2013) . Strain CCBAU 03422
T contained a higher proportion of summed feature 3 (C 16 : 1 v6c/C 16 : 1 v7c) than the other strains. Comparing the fatty acid profiles reported previously for Phyllobacterium trifolii and Phyllobacterium myrsinacearum (Valverde et al., 2005) , our results were different in several cases, including the presence of C 14 : 0 and C 17 : 0 cyclo and the absence of C 20 : 0 as minor components. However, the apparent difference was that C 18 : 1 v7c was the major component for Phyllobacterium myrsinacearum (36.3 %) and Phyllobacterium trifolii (35.8 %) in the study by Valverde et al. (2005) , but it was not detected for Phyllobacterium myrsinacearum or was only included in summed feature 8 (C 18 : 1 v6c/ C 18 : 1 v7c) at the total of 7.1 % for Phyllobacterium trifolii in the present study (Table 2) . Meanwhile, C 19 : 0 cyclo v8c was increased as the main component in our study (44.1 and 35.9 % for the two type strains of these species). These differences might be from the fact that we used YM broth compared with TY broth that was used by Valverde et al. (2005) .
The metabolism of 95 different carbon or nitrogen sources was assessed for strain CCBAU 03422
T and the related type strains of the genus Phyllobacterium using a Biolog GN2 MicroPlate system (Bochner et al., 2001) according to the manufacturer's instructions. Positive readings were defined as OD 600 .0.2 after 24 h at 28 u C. The assimilation of these substrates is shown in Table 3 and the discrepant characteristics of the novel strain CCBAU 03422
T compared with five other type strains are listed in Table 3 . Based upon the characterization using the Biotype 100 strip (bioMérieux) system we obtained consistent results for all the common carbon sources when compared with the original descriptions of the defined species of the genus Phyllobacterium (Mantelin et al., 2006) . Antibiotic resistance, growth temperature, resistance to different concentrations of NaCl and pH range were tested according to the methods described by Gao et al. (1994) . The two novel strains from this study had the same characteristics in most cases, except for 50 mg ampicillin ml 21 (negative for CCBAU 03422 T ) and 100 mg chloramphenicol ml 21 (negative for CCBAU 03415). These two strains were sensitive to the following antibiotics (mg ml
21
): streptomycin (50-300), tetracycline (5-300), neomycin (5-300) and ampicillin (50-300). The two strains were resistant to (mg ml 21 ): kanamycin sulfate (5), ampicillin (5), streptomycin (5), erythromycin (50 and 100) and chloramphenicol (50). Strains, including the references, grew on YM agar with pH range from 4 to 11, but all strains were unable to grow in 2-5 % (w/v) NaCl YM broth. Reduction of H 2 O 2 (catalase activity), oxidase, urease and Nile blue, H 2 S production and Voges-Proskauer reactions were determined as described by Smibert & Krieg (1994) and the results are shown in the species description. The discrepant characteristics of antibiotic resistance and tolerance to NaCl that differentiated the novel strains from the type strains of related species are listed in Table 3 .
Based on the molecular and phenotypic characteristics mentioned above, we classify the two novel strains as representatives of a novel species of the genus Phyllobacterium, for which the name Phyllobacterium sophorae sp. nov. is proposed.
Description of Phyllobacterium sophorae sp. nov.
Phyllobacterium sophorae (so.pho9rae. N.L. gen. n. sophorae of the herb Sophora flavescens, where the bacterium was isolated from its root nodules).
Cells are Gram-stain-negative, aerobic rods (0.8-0.9 mm width by 1-4 mm length) and motile. Colonies are small Phyllobacterium sophorae sp. nov.
(,2 mm in diameter) and pearl-white on YMA after 48 h of incubation at 28 uC, which is the optimal growth temperature. Growth occurs at pH 4.0-11.0 and optimally at pH 7.0. The temperature range for growth is 10-37 u C, and no growth occurs at 60 (for 10 min) or 4 u C. Growth occurs in YM medium with 0-1 % (w/v) NaCl. Catalase, oxidase and urease assays and hydrolysis of ferric citrate are positive. Hydrolysis of starch and gelatin, Voges-Proskauer test and production of H 2 S are negative. Dextrin, gentiobiose, cis-aconitate, hydroxy-L-proline, urocanic acid, malonic, L-fucose, D-psicose, pyruvic acid, succinic acid, formic acid, b-hydroxybutyric acid, L-asparagine, Laspartic acid, L-glutamic acid, L-histidine, L-leucine, Lornithine, L-proline, DL-carnitine and thymidine are metabolized as a sole carbon or nitrogen source (Biolog GN2 MicroPlate). The major cellular fatty acids are C 16 : 0 , C 19 : 0 cyclo v8c, C 18 : 1 v6c/C 18 : 1 v7c (summed feature 8) and C 18 : 1 v7c 11-methyl. Q-10 is the major quinone (79.3 %). + + + 2 + + c-Aminobutyric acid 2 + W 2 + 2 Inosine 2 2 2 2 + 2 Uridine 2 2 W 2 + + Thymidine + 2 2 2 + 2 2-Aminoethanol 2 2 2 2 + 2 Glycerol 2 + + 2 + + DL-a-Glycerol phosphate 2 2 2 2 + 2 D-Glucose 6-phosphae 2 2 2 2 + 2 Glycogen 2 W W 2 + W Melibiose 2 2 2 2 2 + Tolerance to 1 % (w/v) NaCl + 2 + 2 2 + Resistance to (mg ml -1 ):
Erythromycin ( 
